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ABSTRACT
Spinel ferrites such as nickel ferrite are promising energy conversion photocatalysts as they are visible-light absorbers, chemically stable, earth
abundant, and inexpensive. Nickel ferrite shows poor photocatalytic activity due to fast electron–hole recombination upon illumination.
This study evaluates the capability of carbon dots (CDs) to improve charge-carrier separation in NiFe2O4. We report a facile solvothermal
approach for synthesizing NiFe2O4 and CDs/NiFe2O4 nanoparticles at 200–215 ○C. The photocatalysts were characterized using transmission
and scanning electron microscopy, x-ray diffraction, Raman spectroscopy, Fourier transform infrared spectroscopy, UV-VIS-NIR spec-
troscopy, photoelectrochemical analysis, and laser flash photolysis. Photocatalytic oxidation of methanol to formaldehyde under visible light
was employed to test the effect of CDs on the photocatalytic efficacy of NiFe2O4. UV-VIS-NIR spectroscopy depicted a total quenching of
NIR absorption and a diminished absorption of a peak at ∼745 nm in CDs/NiFe2O4 compared with NiFe2O4, indicating a transfer of elec-
trons from NiFe2O4 to CDs. A 12-fold increment in the incident-photon-to-charge-efficiency was achievable with CDs/NiFe2O4 (0.36%)
compared with NiFe2O4 (0.03%). Impedance spectroscopy exhibited a more efficient charge separation and faster interfacial charge trans-
fer in CDs/NiFe2O4 compared with pure NiFe2O4. This was accounted for by the lower initial quantity of charge carrier upon irradiation
in CDs/NiFe2O4 compared with NiFe2O4 as detected from laser flash photolysis, indicating that CDs acted as electron acceptors and reser-
voirs in CDs/NiFe2O4. Compared with NiFe2O4, CDs/NiFe2O4 showed an enhanced photocatalytic activity toward formaldehyde formation.
Consequently, CDs are good electron mediators for NiFe2O4, capable of improving charge-carrier separation and the photocatalytic activity
of NiFe2O4.
© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5134432., s
INTRODUCTION
The feasibility of actualizing a sustainable environment heav-
ily relying on photocatalytic conversion of renewable resources to
fuel is largely hampered by the unavailability of highly efficient
and inexpensive photocatalysts.1,2 At present, numerous research
projects focus on the development of inexpensive, efficient, and
chemically stable photocatalysts, capable of converting renewable
resources such as sunlight, water, and biomass to fuel.3,4 Such
an approach toward obtaining green energy is deemed smart
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and sustainable. Despite the great emphasis laid on utilizing renew-
able resources for fuel production, to date non-renewable resources
such as fossil deposits remain the major source of consumer fuel.
This is partly due to the aforementioned challenges, thus necessitat-
ing a continuous improvement of the existing photocatalytic systems
or the development of new efficient and inexpensive photocatalysts.
One promising approach toward engineering a low-cost, efficient,
and chemically stable photocatalyst is enhancing the photochemi-
cal properties of inorganic semiconductors exhibiting visible-light
absorption.2
Spinel ferrites, which are mixed oxides of iron and a sin-
gle or numerous metals, are one such example of visible-light
absorbing inorganic semiconductors widely studied for their pho-
tocatalytic activity.5,6 This is due to their attractive photochem-
ical properties such as narrow optical bandgaps (<2 eV),7 good
photochemical stability,6,8 natural abundance that lowers their cost
of purchase, ease of optoelectronic modification,9 and facile cost-
effective synthetic procedures.5 Spinel ferrites have the general for-
mula M2+Fe3+2 X2−4 , where M2+ is a bivalent metallic cation and X2−4
is a chalcogenide such as an oxide.10 Some spinel ferrites show
good magnetic properties while others do not.10,11 Spinel ferrites
crystallize into cubic structures in which the anion X2−4 arranges
itself into a close-packed cubic structure, while the cations M2+
and Fe3+2 occupy the tetrahedral (T) and octahedral (O) sites in
varying quantities.7,12 This variation in the ratios of cations occu-
pying the latter to the former sites is called the degree of inver-
sion. The degree of inversion is low for normal spinel ferrites (e.g.,
zinc ferrite) and high for inverse spinel ferrites such as nickel fer-
rite which is a well-known ferromagnetic semiconductor.13,14 When
used as a photocatalyst or a co-catalyst, the ferromagnetic nature
of nickel ferrite enables its convenient recovery from a reaction
solution by using a magnet, which is an added advantage. Despite
the reported good physical and photochemical properties of spinel
ferrites, most of them, including nickel ferrite, exhibit lower pho-
tocatalytic activities than expected owing to bulk charge-carrier
recombination and Fermi level pinning.9 Thus, the exploration of
various techniques for the improvement of charge-carrier sepa-
ration in nickel ferrites is a worthwhile venture. Among various
applicable techniques, an interesting approach of enhancing the
charge-carrier separation in nickel ferrite is to chemically coor-
dinate it to stable and inexpensive electron mediators such as
carbon dots (CDs).15
Discovered in 2004, CDs that consist of a carbon core and var-
ious surface chromophores are the latest known subclass of carbon
nanomaterials.16 Most CDs are spherical in nature and exhibit good
fluorescence efficiency.17 As the most recent carbon nanomaterials,
CDs have intrigued the research community due to their unique
properties, including simple synthetic techniques from inexpensive
precursors,4,18 biocompatibility and aqueous dispersibility,18 ease of
functionalization,19 outstanding chemical and photo-stability,20 and
a large electron-storage capacity.19 Some reports propagate CDs as
good electron–hole separators in a CDs/semiconductor composite.
This may be attributed to their capacity to act as charge reservoirs.4
However, limited accounts report an in-depth experimental study
on exactly how and if CDs influence the photocatalytic properties of
spinel ferrites.21 This account aimed at experimentally analyzing the
ability of CDs to improve charge separation in nickel ferrite. Nickel
ferrite and CDs/nickel ferrite nanoparticles were synthesized and
characterized. The emphasis was laid on determining the difference
between the physicochemical, optical, photochemical, and photocat-
alytic properties of the two materials. Particular attention was paid
to the influence of CDs on charge-carrier properties of nickel fer-
rite; this was inferred from electrochemical analysis and laser flash
photolysis.
EXPERIMENTAL
All reagents and solvents used were of analytical grade and
hence used as received from the supplier. Nickel(II) acetylacetonate
[Ni(acac)2 98.0%], iron(III) acetylacetonate [Fe(acac)3 99.0%], cit-
ric acid (≥99.5%), ethylenediaminetetraacetic acid (99%), triethylene
glycol (99%), potassium hydroxide (KOH 99.0%), methanol (99.8%),
and tetraethylenepentamine were purchased from Merck, Germany.
The catalysts were synthesized in a 50 ml Pyrex test tube fitted with
a Schott GL25 threaded cap containing a rubber septum.
Nickel ferrite was synthesized via a solvothermal approach
designed by modifying the method reported by Wang et al.22 In a
typical synthetic procedure, 0.7 mmol (181.1 mg) of Ni(acac)2 and
1.4 mmol (493.9 mg) of Fe(acac)3 were mixed in a sealable pressure
tube and suspended in 14 ml of triethylene glycol at room temper-
ature. The reaction tube was then sealed and the suspension heated
to 200 ○C and maintained at this temperature for a period of 2 h.
Within the first 15 min of heating, the suspension was hand-shaken
at intervals of 5 min, resulting in the formation of a dark solution.
After the 2 h reaction period, the reactor tube was cooled to room
temperature. Thereafter, 10 ml of the dark solution was mixed with
40 ml of ethyl acetate, and then centrifuged at 2000 rpm for 5 min to
obtain a black supernatant and a black precipitate. The black super-
natant was discarded leaving behind a black solid, which was washed
3 times with 3-aliquots of 40 ml ethyl acetate and agitated by hand
shaking. For each wash, the solid was reclaimed by centrifuging the
mixture at 2000 rpm for 5 min followed by discarding the super-
natant. The obtained clean black solid was oven dried for 12 h at
70 ○C then pulverized using a clean pestle and mortar, and finally
calcined at 400 ○C in oxygen for 12 h to yield a dark-brown powder
of nickel ferrite that was labeled NFO.
The CDs/nickel ferrite composite was prepared by in situ
solvothermal deposition of carbon dots onto the surface of pre-
synthesized NFO. The procedure utilized was based on modifica-
tions of the protocol reported by Wang et al.23 In brief, the com-
posite was formed by mixing 100 mg NFO, 500 mg of citric acid,
and 500 mg ethylenediaminetetraacetic acid in a sealable pressure
tube and suspending the mixture in 14 ml of tetraethylenepen-
tamine at room temperature.24 The reactor tube was then sealed
and heated to 215 ○C with constant hand shaking at 5 min intervals
within the first 15 min of heating, to obtain a near homogeneous
suspension. This reaction temperature was maintained for a period
of 7 h after which, the reaction was left to cool to room temper-
ature. A yellow-brown supernatant with residual black depositions
at the base of the reaction tube was obtained. The supernatant was
decanted, and then the black residue washed with 40 ml of ethanol
and agitated by hand shaking. This was followed by centrifugation
at 2000 rpm for 5 min after which, the subsequent supernatant was
discarded and the wash repeated three times. The obtained solid
was washed with 40 ml of water, agitated by hand shaking, cen-
trifuged at 2000 rpm for 5 min then the clear supernatant discarded
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leaving behind a solid. The resulting solid was then oven dried for
12 h at 70 ○C to yield the CDs/nickel ferrite composite, which was
labeled NFO–C.
Electron micrographs of both samples were acquired using
transmission electron microscopy (TEM) and scanning electron
microscopy (SEM). TEM was conducted on a FEI Tecnai G2 F20
TMP fitted with a 200 kV field emission gun, while SEM was con-
ducted on a JEOL JSM-6700F equipped with a lower secondary
electron image detector. The nanoparticle size of the samples was
determined by measuring the diameters of at least 50 nanoparticles
sampled from the TEM micrographs of each sample. X-ray diffrac-
tion (XRD) patterns were collected on a StadiMP diffractometer
(Stoe & Cie., Darmstadt, Germany) using monochromatized MoKα
radiation (λ = 70.93 pm), Debye–Scherrer geometry (0.3 mm glass
capillary), and approximately 10 wt. % silicon powder as internal
standard. Rietveld refinements were carried out using Topas V.6
(Bruker AXS). Profile functions were calculated based on the first
principles method included in the program and LaB6 as a stan-
dard material. Structure refinements were set up using structure
models for Trevorite (ICSD 28108) and Silicon (ICSD 652258);
additional single peaks were used to include amorphous scattering
contributions from the capillary.
Functional groups present in both samples were evaluated
using an attenuated total reflection Fourier transform infrared spec-
troscopy (ATR-FTIR) (Bruker IFS66v spectrometer of spectral range
50–10 000 cm−1). Isotopic composition of stable C (13C and 12C)
and N (15N and 14N) isotopes as well as the quantitative compo-
sition of C and N in the ground plant material was measured on
an elemental analyzer (Isotope Cube, Elementar, Hanau—Germany)
coupled with an isotopic ratio mass spectrometer (Isoprime 100,
Isoprime, Manchester—Great Britain). Raman spectroscopy was
conducted at an incident laser beam of 633 nm by use of a con-
focal Bruker Senterra micro-Raman spectrometer. Dynamic light
scattering particle size analysis and zeta potential measurements
were conducted on a particle analyzer (Anton Paar LitesizerTM
500) in double distilled water at 20 ○C. Optical properties of cata-
lysts were evaluated by using UV-VIS-NIR spectrometer (Agilent
Carry 5000 fitted with an external DRA-2500 Diffuse Reflectance
Accessory).
Incident-photon-to-current efficiency (IPCE) and electro-
chemical impedance spectroscopy (EIS) were evaluated on a Zen-
nium potentiostat connected to a PECC-2 photoelectrochemical cell
(Zahner-Elektrik GmbH & Co. KG). The cell consisted of a Teflon
vessel containing a KOH (1M) electrolyte, a Pt counter electrode,
a Ag/AgCl/KCl (3M) reference electrode, and a working electrode.
The working electrode was prepared via the doctor blade method
by coating a paste comprising the catalyst (200 mg), Triton X-100
(100 ml), polyethylene glycol 1000 (Merck) (100 mg), and deion-
ized water (400 ml) onto the conductive side of fluorine-doped tin
oxide (FTO) films (Sigma-Aldrich). The coated films were then cal-
cined in air at 500 ○C for 2 h prior to usage as the working electrode.
Time resolved transient reflectance spectroscopy was conducted at
an excitation wavelength of 355 nm, an energy of 1.5 mJ, and a resis-
tance of 1000 Ω, as previously reported.25 The spectra were recorded
using a laser flash spectrometer [Nd-YAG laser (Brilliant B, Quan-
tel)] equipped with a laser flash photolysis spectrometer (LKS 80,
Applied Photophysics) and an optical parametric oscillator (OPO)
(MagicPRISM, OPOTEK, Inc.).
Photocatalytic performance of both catalysts and CDs toward
oxidation of methanol to formaldehyde was conducted in oxygen at
atmospheric temperature and pressure. For the photocatalytic tests,
60 mg of the catalyst was weighed into a transparent glass con-
tainer (95 cm2) and suspended in 30 ml solution containing 10%
v/v MeOH. The mixture was stirred at 500 rpm and left for 30 min
to equilibrate in a dark room. Afterward, the suspension was illu-
minated with visible light (λ < 450 nm or 660 nm) for a period of
2 h. A LED lamp (450 W, Mueller Elektronik-Optik) with an irra-
diance of 72 W/m2 was used to emit the 450 nm wavelength, while
the 660 nm wavelength was emitted by a monochromatic LED light
source (Thorlabs) with an irradiance of 0.59 W/m2. The reaction
progress was monitored at 30 min intervals by taking 300 μl aliquots,
which were mixed with 300 μl Nash reagent (a solution of 15 g
ammonium acetate, 0.2 ml acetylacetonate, and 0.3 ml acetic acid
in 100 ml of Millipore water) and left to react overnight.26 After-
ward, the quantity of formaldehyde was analyzed by using UV-VIS
spectrometry (Agilent).
RESULTS AND DISCUSSION
Synthesis of NFO and NFO–C
Solvothermal synthesis of nickel ferrite at 200 ○C using tri-
ethylene glycol as a surfactant yielded NFO as a dark reddish-
brown powder. The coordination of CDs to NFO was achieved
via a novel procedure that employed ethylenediaminetetraacetic
acid, tetraethylenepentamine, and citric acid as multiple centers
for primary and secondary amine acylation with carboxylic acid
(Scheme 1).27
Three distinct phases marked the formation of CDs in the pres-
ence of NFO. At the reaction onset, ethylenediaminetetraacetic acid
and citric acid dissolved in tetraethylenepentamine at a tempera-
ture of 215 ○C to form a clear supernatant above NFO that settled
as a residue at the base of the reaction tube. During this first phase,
it is possible that the amines in tetraethylenepentamine react with
the carbonyl groups in citric acid and ethylenediaminetetraacetic
acid forming polycyclic aromatics (Scheme 1).18 After 15 min of
reaction, the clear supernatant turns into a black-brown solution.
This stage is associated with the carbonization of the polycyclic aro-
matic rings to form CDs leaving nitrogen and oxygen moieties in
the supernatant.28 A further heating of the reactants for a period
of 15 min turns the dark-brown supernatant into a brighter yellow-
brown solution. This phase is associated with surface passivation of
the CDs with nitrogen and oxygen moieties that alters the optical
properties of CDs. Continued heating of the suspension of func-
tionalized CDs and NFO under the developed pressure results in
coordination of the CDs to NFO.
Morphological analysis
The structural and morphological properties of NFO and
NFO–C were evaluated by using TEM and SEM (Figs. 1 and 2).
Micrographs of CDs present in the reactions’ supernatant depict
the CDs as elongated and fused spheres [Figs. 1(a) and 1(b)]. TEM
images of NFO and NFO–C exhibit the formation of irregularly
shaped spheres similar to those shown in other reports.29,30 Both
samples were crystalline with visible lattice fringes of 0.25 nm,
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SCHEME 1. Schematic representation of
the solvothermal synthesis of CDs.
FIG. 1. TEM micrographs of CDs at lower
(a) and higher (b) magnification, NFO at
lower (c) and higher (d) magnification,
and NFO–C at lower (f) and higher (g)
magnification.
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FIG. 2. SEM micrographs of NFO at a
lower (a) and higher (b) magnification
and NFO–C at lower (c) and higher (d)
magnification.
0.29 nm, and 0.51 nm corresponding to the (311), (220), and (111)
planes of NFO [Figs. 1(c) and 1(d)].31 This implies that the con-
jugation of CDs to NFO did not alter the crystallinity of NFO.
Particle size analysis of the TEM micrographs gave a diameter of
11.1 nm and 11.3 nm for NFO and NFO–C, respectively. Thus,
the conjugation of CDs to NFO did not alter the particle size of
NFO. Carbon nanoparticles are not observable in the TEM micro-
graphs of NFO–C [Figs. 1(e) and 1(f)]. However, a lattice fringe
of 0.31 nm was measured in NFO–C. This may indicate that the
CDs form a thin carbon coating over NFO nanoparticles. DLS
analysis of the CDs present in the reactions’ supernatant exhib-
ited four categories of CDs with diameters in the range of 0.7–
0.8 nm, 1.7 nm, 1216.0–1976.9 nm, and 9989.0–19 095.4 nm (see
the supplementary material, S1). Since, the TEM micrographs of
NFO–C did not depict particles larger than 500 nm; it is proba-
ble that the larger carbon particles (>500 nm) observed from the
DLS graph of CDs did not conjugate to NFO. Instead, these parti-
cles were washed off from the catalyst surface during the purification
procedure.
SEM micrographs of NFO and NFO–C depict the formation of
fused spheres (Fig. 2). The spheres in the SEM images of NFO–C
appear to have a slightly better dispersion and interaction with the
graphite sample holder than NFO. The improved dispersion can be
associated with functionalization of NFO with CDs having N and O
functional groups. The presence of such functional groups grafted
onto the surface of NFO–C was further probed by zeta potential
analysis. NFO showed a potential of −7.0 mV and a conductiv-
ity of 0.05 mS/cm, while NFO–C showed a potential of −18.4 mV
and conductivity of 0.11 mS/cm. The increased zeta potential and
conductivity in NFO–C are associated with the presence of surface
functional groups such as carboxylic and amine groups, which have
been reported to be present in nitrogen-doped CDs.17
X-ray diffraction
The results of the Rietveld refinements of the XRD diffrac-
tograms of NFO and NFO–C are presented in Figs. 3(a) and 3(b),
respectively. Both datasets can be refined to very good Rwp val-
ues using only the Trevorite crystal structure (ICSD 28108) and
the internal standard (for details, see the supplementary material,
S2).32 Consequently, it is apparent that both samples crystallized in
the face centered cubic inverse spinel structure.29 Reflections from
hexagonal graphite or amorphous carbon were not noticeable in
the observed diffractograms of both samples.33 The average crys-
tallite size LvolIB of NFO and NFO–C was 18(2) nm and 19(1) nm,
respectively.
Raman spectroscopic analysis
Raman spectroscopy was used to determine phase purity and
cationic distribution in tetrahedral (T) and octahedral (O) sites in
the nickel ferrites (NFOs). NFOs are inverse spinels [space group
Fd3¯m, (O7h)], implying that 12 Fe
3+ ions occupy all the T-sites, while
the remaining 12 Fe
3+ and Ni2+ ions occupy the O-sites.34 The
Raman spectra of NFO and NFO–C (Fig. 4 and Table I) exhibit
five active Raman internal modes characteristic of nickel ferrites.34
From the presented spectra, no phase impurity such as hematite
was observed.7 Table I summarizes the peak maxima and their full
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FIG. 3. XRD diffractograms of NFO (a) and NFO–C (b).
FIG. 4. Raman spectra of NFO and NFO–C.
width at half maxima (FWHM) as observed from the Raman spec-
tra of NFO and NFO–C. The main peaks can broadly be catego-
rized into vibrational modes of octahedral groups (490–610 cm−1)
and tetrahedral groups (610–760 cm−1).35 A peak at 193 cm−1 was
present in the spectra of NFO–C but absent in the spectra of NFO.
This peak possibly arises from the radial breathing mode (RBM)
of single or double walled nitrogen-doped carbon sheets conju-
gated to nickel ferrite.36 The predominance of this peak in NFO–C
compared with NFO is evidence of the successful conjugation of
CDs to NFO.
The peaks positioned in the range 600–800 cm−1 consist of
overlapping peaks that exhibit a broad shoulder toward lower wave-
lengths. This shoulder at ∼670 cm−1 appears diminished in NFO–C
compared with NFO. A least-squares fitting using Gaussian func-
tions gave two distinct peaks (Table I) characteristic of NFOs.31
A comparison of the FWHM of the main peaks in the O-site
(568 cm−1 and 558 cm−1 in NFO and NFO–C, respectively) and
T-site (697 cm−1 and 693 cm−1 in NFO and NFO–C, respectively)
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TABLE I. Raman vibrational modes and FWHM of NFO and NFO–C.
NFO NFO–C
Raman vibration mode Frequency (cm−1) FWHM (cm−1) Frequency (cm−1) FWHM (cm−1)
T2g . . . . . . 193 57
Eg 330 37 326 34
T2g 482 57 480 56
A1g 568 62 558 34
Eg 669a 117 671a 112
A1g 697 31 693 37
aImplies a peak shoulder.
reveals that the FWHM of the O-site peak in NFO–C is lesser, while
that of the T-site is greater than their corresponding peaks in NFO.
This phenomenon is indicative of the migration of Fe3+ ions from
the O-site to the T-site of NFO, resulting in an increased degree
of inversion upon functionalization of NFO with CDs.35 Thus, it is
plausible that the conjugation or post-treatment of NFO with CDs
increases the degree of inversion in NFO–C. It is interesting to note
that the peak at 326 cm−1 in NFO–C exhibits a broad shoulder, while
its corresponding peak in NFO at 330 cm−1 does not. This could be
due to the increased degree of inversion as was reported for the case
of zinc ferrites having increased degrees of inversion.7 However, fur-
ther studies are required to verify this claim. In overall, we noted that
the coordination of CDs to NFO could have resulted in an increased
number of defects in the spinel, which in turn increases the degree
of inversion that can affect both conductivity and photocatalytic
properties of NFO.
Elemental and FTIR analysis
The amount of carbon and nitrogen present in NFO and
NFO–C was quantified by using an elemental analyzer and the
obtained elemental compositions summarized in Table II. Pristine
NFO contained lower quantities of carbon and nitrogen (0.01 and
0.09, respectively) compared to NFO–C (0.18 and 0.51, respec-
tively). The increase in C and N content in NFO–C is attributable
to the presence of nitrogen-containing CDs in this sample, hence
indicating that CDs were successfully conjugated to NFO via the
solvothermal approach.
FTIR was used to qualitatively analyze the functional groups
present in NFO and NFO–C. The metal–oxygen vibrational modes
at the tetrahedral and octahedral sites of ferrites are reported to pre-
dominantly occur between 650 cm−1–500 cm−1 and 450–358 cm−1,
respectively.37–39 From the FTIR spectra [Fig. 5(a)], both samples
exhibit two distinct peaks at 775 cm−1 and 445 cm−1 ascribed to
TABLE II. A summary of the quantitative C and N compositions in NFO and NFO–C.
Catalyst C (%) N (%) C/N
NFO 0.01 0.09 8.9
NFO–C 0.18 0.51 2.8
Mx+–O vibrations at the tetrahedral and octahedral sites, respec-
tively.11 The observed peak frequencies associated with tetrahedral
site vibrations in NFO and NFO–C were higher than those reported
in previous accounts.38,40 This shift in frequencies can be attributed
to structural differences in NFOs arising from different surfactants
used during synthesis. A shift of ≈21 cm−1 toward higher frequen-
cies is noticeable in the 775 cm−1 peak of NFO–C compared with
FIG. 5. FTIR spectra of NFO and NFO–C at full-range (a) and short-range (b)
wavenumbers.
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that of NFO. This shift indicates the coordination of the metal ions
to ligands present in CDs.41,42
In-depth studies of the peaks present in the wavelength range
800–4000 cm−1 [Fig. 5(b)] reveal additional peaks present only in
the spectra of NFO–C. The transmittance peaks at 1575 cm−1 and
1451 cm−1 associated with C=C and C–N bonds, respectively, were
observable only in the spectra of CDs.33 Peaks at 1085 cm−1 and
1139 cm−1 associated with C–OH vibrations were also observed
in the spectra of CDs.43 Two peaks appearing at 2893 cm−1
and 2992 cm−1 ascribed to the vibrations of CH molecules were
present in the spectra of CDs.44 The presence of these additional
peaks in the spectra of NFO–C confirms the successful coordina-
tion of CDs to NFO. Furthermore, the CDs contained nitrogen
functionalities.
Optical properties
Light absorption properties of NFO and NFO–C were inves-
tigated by using UV-VIS-NIR diffuse reflectance spectroscopy
[Fig. 6(a)]. The absorbance spectra of NFO exhibited a distinct
increase in absorption in the UV-VIS range at ∼200 nm to 700 nm
and 730 nm to 800 nm similar to those reported for other NFOs.45
In addition to these, NFO showed an absorption in the NIR region
at ∼900 nm to 1400 nm. From the spectra of NFO–C, absorptions
are evident in the UV-VIS region at ∼200 nm to 700 nm and 730 nm
to 800 nm similar to those of NFO. However, no absorption was
observable in the NIR region between ∼900 nm to 1400 nm. Addi-
tionally, the absorption maxima at ∼745 nm were diminished in
NFO–C compared with NFO [Fig. 6(a)]. Thus, it is evident that con-
jugation of CDs to NFO significantly alters the optical properties
of NFO by completely quenching the NIR absorption and signifi-
cantly minimizing the absorptions at ∼745 nm. In a similar manner,
Subramanian et al. reported a quenching in UV-VIS absorption of
the TiO2–Au composite at ∼675 nm with increasing Au concen-
tration.46 In their studies, they attributed this quenching effect to
the transfer of accumulated electron from TiO2 to Au nanoparti-
cles acting as electron acceptors. Likewise, the observed quenching
of visible (∼745 nm) and NIR absorption in NFO–C can be ascribed
FIG. 6. UV-VIS-NIR diffuse reflectance spectra of NFO and NFO–C.
to metal–ligand center interactions leading to transfer of accumu-
lated electrons from the HOMO of NFO to the LUMO of CDs. Such
electron transfer from NFO to CDs is facilitated by π- or σ-bonds
formed between the broken bonds in NFO nanoparticles and the
ligands present in CDs as observed from the FTIR spectra of NFO–
C [Fig. 5(b)].47 Thus, CDs acting as electron reservoirs accepted
accumulated electrons from NFO, consequently altering its optical
properties. A further study of the electron transfer processes in both
samples was henceforth conducted using impedance spectroscopy
and laser flash photolysis.
The optical bandgaps for the allowed direct transitions of NFO
and NFO–C were determined using DASF equation given by
(d{In[ f (R)λ ]})
d( 1λ)´udcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymod¸udcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymodudcurlymod¶
A
= m( 1λ − 1λg ) ,
where R is the reflectance, λ is the wavelength of reflectance, λg is
the wavelength of the allowed bandgap energy, and m is an index.7,48
Figure 7 shows the DASF plot of the energy [1/λ(eV)] against the
factor A for NFO and NFO–C. The direct bandgaps for both samples
were determined from the peak maxima of the allowed transition.
FIG. 7. DASF plot depicting the optical bandgap of NFO (a) and NFO–C (b).
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FIG. 8. IPCE spectra of NFO and NFO–C.
Based on these plots, the direct bandgap for both NFO and NFO–C
was determined to be 1.7 eV, which is similar to that reported for
other ferrites.49 Thus, conjugation of CDs to NFO did not alter the
bandgap energy of NFO.
Photoelectrochemical and photochemical analysis
The IPCE spectra of NFO and NFO–C obtained at 0.4 V vs
Ag/AgCl electrode (3M KCl) and at varying wavelengths are pre-
sented in Fig. 8. Both samples displayed four distinct IPCE thresh-
olds at approximately 370 nm, 415 nm, 595 nm, and 675 nm with
values ranging from 0.1% to 0.36%. The highest IPCE threshold
value of 0.36% was observed at 675 nm with NFO–C, this wavelength
is close to that reported for the highest IPCE threshold of zinc ferrite
nanoparticles.50
Interestingly, a comparison of the UV-VIS-NIR spectra of
both samples (Fig. 6), revealed a significant difference between the
absorption of NFO and NFO–C in the range of 650–1400 nm. It
appears that the effect of electronic interactions between CDs and
NFO is the strongest within this wavelength range. As evidenced
from the UV-VIS-NIR spectra (Fig. 6), upon irradiation of NFO–
C with the full spectrum of light, electrons are transferred from the
HOMO of NFO to the LUMO of CDs. This improves electron–
hole separation in NFO consequently availing more holes for the
oxidation of water which translates into an enhanced IPCE perfor-
mance in NFO–C,51 thus indicating that CDs are capable of mediat-
ing the electron transfer process in NFO. In general, higher IPCE
values are observable with NFO–C compared with NFO for the
entire scan range. Nonetheless, the IPCE performance of both sam-
ples is lower than that reported for hematite, accounting for their
lower photocatalytic activity.52
To correlate the enhanced IPCE performance of NFO–C
to improved charge-carrier dynamics, electrochemical impedance
spectroscopy (EIS) was conducted. EIS is a convenient technique
for investigating the electrical properties, charge-carrier separa-
tion, and interfacial charge transfer processes in materials.53 The
complex impedance plots of various materials are usually semi-
circles with a radius linearly correlating with the charge transfer
impedance (resistance) of the material.54 A comparison of the com-
plex impedance spectra of NFO–C and NFO reveals a much lesser
arc radius for NFO–C compared with that of NFO [Fig. 9(a)].
This indicates a reduced charge transfer resistance in NFO–C
[Fig. 9(b)] resulting from improved electron–hole separation pro-
cesses, faster interfacial charge transfer, and better conductivity.55
Such an enhancement of charge-carrier separation and interfacial
charge transfer in NFO–C may have resulted in the higher zeta
potential and solution conductivity observed with this sample. The
oxygen- and nitrogen-functionalized CDs acted as good electron
reservoirs for NFO by accepting electrons from the conduction
band of NFO. This elongated the lifetime of holes in the valence
band of NFO, resulting in an enhanced interfacial charge transfer
in NFO–C.
Possibly, the transfer of electrons from the HOMO of NFO
to the LUMO of CDs is facilitated by a favorable placement of
the energy levels in CDs relative to that of NFO. The observed
NIR peak quenching and diminishing of visible-light absorption
at ∼745 nm further supports the likelihood of such electron trans-
fer processes. Hence, conjugating CDs to NFO improved the
charge-carrier separation, conductivity, and wettability of NFO–
C, resulting in improved IPCE performance and interfacial charge
transfer.
In order to understand the origin of the enhanced charge-
carrier separation in NFO–C, transient reflectance spectroscopy was
conducted in a N2 and N2–MeOH atmosphere [Figs. 10(a) and
10(b)]. For these experiments, nitrogen provided an inert atmo-
sphere while methanol acted as an h+ scavenger. Figure 10(a)
represents the transient reflectance spectra of NFO and NFO–C
FIG. 9. Electrochemical impedance
spectra (a) and variation of the resis-
tance with frequency (b) of NFO and
NFO–C.
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FIG. 10. Transient absorbance of NFO
and NFO–C in nitrogen (a) and methanol
(b) at 550 nm−1 resulting from a
1.5 mJ/cm2 laser pulse of 355 nm.
measured in an inert atmosphere, where the main source of
charge-carrier decay is presumably recombination and/or transfer to
ligands. From these figures, a lower initial quantity of charge car-
rier is observable in NFO–C compared with NFO. This is associ-
ated with the transfer of electrons from the conduction band of
NFO to vacant π∗-orbitals in CDs acting as electron acceptors and
reservoirs.56 Such electron transfer processes are facilitated by the
strong electronic interactions present between NFO and CDs as
was observed from FTIR and UV-VIS-NIR investigations.28 Conse-
quently, CDs act as both electron acceptors and reservoirs, resulting
in an improved charge separation and IPCE performance in NFO–
C, which in turn can enhance the photocatalytic activity of this
sample.
For both samples, two distinct absorption peaks are observable
at 550 nm−1 and 600 nm−1 in an inert atmosphere, with the lat-
ter being more prominent than the former [Figs. 11(a) and 11(b)].
To distinguish between absorption peaks of trapped holes and
electrons, transient reflectance spectra were recorded in methanol
[Fig. 10(b)].25 Since methanol is an h+ scavenger, it reacts with the
generated h+, resulting in a decrease in the h+ absorption peak and
an increase in the e− absorption peak owing to accumulation of e−
in the sample.25
A comparison of the absorption peak at 550 nm−1 in a
N2–MeOH and N2 environment reveals a slight increase in absorp-
tion for NFO and an almost constant absorption for NFO–C
[Figs. 12(a) and 12(b)]. This slight increase in absorption noted
FIG. 11. Transient absorption spectra of
NFO (a) and NFO–C (b) at 1, 5, and
40 μS in N2.
FIG. 12. Transient absorption spectra of
NFO (a) and NFO–C (b) at 1, 5, and
40 μS in N2–MeOH.
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with NFO is attributed to a slow-paced accumulation of electrons
upon consumption of holes by methanol in this sample. A simi-
lar accumulation is not evidenced in NFO–C since the electrons do
not accumulate in NFO but are instead transferred to CDs. This
transfer of electrons from NFO to CDs accounts for the improved
hole transfer processes as evidenced by the enhanced IPCE perfor-
mance of NFO–C over NFO. Compared to nitrogen, the absorption
at 600 nm−1 in methanol significantly decreases after 40 μS for both
samples (Figs. 11 and 12). Since the signal at 550 nm−1 increases
or remains constant while the signal at 600 nm−1 decreases, we
ascribe the former absorption peak to trapped electrons and the
later to trapped holes in NFO. It is important to note that the sig-
nal at 600 nm−1 does not completely disappear even after 40 μS
implying a very slow reaction between methanol and the generated
holes in NFOs.
Photocatalytic oxidation of methanol to formaldehyde was
employed as a model reaction to evaluate the influence of CDs
on the photochemical properties of NFO.57 UV-VIS analysis of
aliquots of the catalysts suspended in methanol solution, sampled
within 2-h of a dark reaction showed absorption peaks ranging
from 350 nm to 500 nm. These peaks exhibited a peak maxi-
mum at ∼412 nm, which is attributable to absorptions of formalde-
hyde or chromophores present on the surface of the catalysts. To
probe the origin of this peak, control methanol oxidation reac-
tions over NFO and NFO–C were conducted under argon atmo-
sphere and visible light (λ < 450 nm). The absorption spectra
of the methanol suspension sampled during 2 h of illumination
exhibits no increment in the broad peak (350–500 nm) having
a maximum at ∼412 nm (see the supplementary material, S3).
Hence, this peak is attributable to the absorption of chromophores
present on the surface of the nanoparticles and not to formalde-
hyde formation. Consequently, the observed UV-VIS absorption
peak of the methanol solution after the dark reaction is ascrib-
able to the absorption of chromophores on the surface of the
nanoparticles.
The constant intensity of this absorption peak with time indi-
cates that the carbon dots do not leach from the surface of NFO–C
during the photocatalytic reaction. Upon irradiating the methanol
solution with visible light (λ < 450 nm and 660 nm), the quan-
tity of formaldehyde detected over NFO–C steadily increases with
time (Fig. 13 and Table III). On the contrary, the amount of
formaldehyde produced over NFO reduces after 1.5 h of the reac-
tion. Raman spectroscopic analysis of NFO and NFO–C after the
photocatalytic reaction exhibit no phase changes in the catalysts
after the reaction [see the supplementary material, S4 (a)]. Like-
wise, XRD analysis of NFO after the photocatalytic oxidation reac-
tion reveals that no phase transformation occurred in the mate-
rial during irradiation [see the supplementary material, S4 (b)].
Therefore, the steady increase of formaldehyde quantities with time
over NFO–C alone implies that NFO–C does not undergo pho-
tocatalytic poisoning while NFO does, thus deterring its activity
after 1.5 h.
No increase in intensity in the absorption peak maximum at∼412 nm is observable from the UV-VIS spectra of aliquots of a solu-
tion of pristine CDs and methanol samples within 2 h of irradiation
(see the supplementary material, S3). Therefore, it is plausible that
the slight increase in photocatalytic activity observed over NFO–C
arises from charge separation enhancement in this sample. Based on
FIG. 13. Photocatalytic oxidation of MeOH solution over NFO and NFO—C under
illumination.
the observed photocatalytic trends (Fig. 13), it is also evident that
CDs enhance the photo-stability of NFO, which in turn enhances
its photocatalytic activity, albeit to a small extent. The nanoparti-
cle size and surface area of NFO (11.1 nm and 42 m2 g−1, respec-
tively) did not significantly differ from that of NFO–C (11.3 nm and
39 m2 g−1, respectively). Therefore, the improved photocatalytic
activity of NFO–C is accredited to its enhanced optical and
photochemical properties owing to conjugation with CDs.
In view of the altered NIR and visible-light absorption,
enhanced charge-carrier separation, and improved photocatalytic
activity of NFO–C over NFO, we propose that the modification
of NFO with CDs occur as follows: (1) During the synthesis of
NFO–C, CDs having vacant π∗-orbitals and energy levels com-
parable to that NFO are coordinated to broken bonds in NFO
nanoparticles. (2) Since the CDs possess low-lying empty π∗-
orbitals, they act as effective electron acceptors and reservoirs, facil-
itating metal-to-ligand electron transfers (Fig. 14), thus enhancing
charge-carrier separation. (3) The extended lifetime of holes in the
valence band of NFO–C increases the quantity of methanol oxi-
dized to formaldehyde (Fig. 13). The mechanism of methanol oxi-
dation over NFO and NFO–C is thought to be similar to that exten-
sively reported for methanol oxidation over TiO2 and is presented as
follows:57,58
NFO - C −−−−hvÐ→ NFO - C(h+VB+e−CB) + NFO - C + Energy, (1)
NFO - C(h+VB) + CH3OH −−−−→ CH2OH + H + , (2)
TABLE III. A summary of the photocatalytic activity of NFO and NFO–C after 2 h of
illumination.
Irradiation NFO NFO–C
wavelength (nm) Concentration (MM) Concentration (MM)
450 8 23
660 10 24
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FIG. 14. Schematic representation of the proposed
methanol photolysis mechanism over NFO and NFO–C;∗Tr represents trap states.
NFO - C(e−CB) + O2 −−−−→ O⋅−2 , (3)
C˙H2OH + O2 −−−−→ O˙OCH2OH −−−−→ HCHO + H+ + O⋅−2 , (4)
2O⋅−2 + 2H+ −−−−→ H2O2 + O2. (5)
CONCLUSION
Herein, we report for the first time the successful syn-
thesis of the CDs/NiFe2O4 composite using ethylenediaminete-
traacetic acid, tetraethylenepentamine, and citric acid via a sim-
ple two-step solvothermal approach. The synthetic strategy utilized
tetraethylenepentamine as a source of primary and secondary
amines that acylate to carbonyl groups present in ethylenedi-
aminetetraacetic acid and citric acid, resulting in polyaromantic
ring formation. The successful attachment of CDs to nickel ferrite
was confirmed by elemental analysis and FTIR spectroscopy, which
exhibited the presence of 0.18% carbon and CDs transmittance
peaks, respectively, only for the CDs/NiFe2O4 composite.
Coordination of CDs to NFO does not alter the structure, mor-
phology, and phase purity of pristine nickel ferrite as evidenced
from TEM, SEM, XRD, and Raman spectroscopic studies. Analysis
of the Raman modes corresponding to tetrahedral and octahedral
vibrational modes indicates a higher degree of inversion for NFO–C
compared with NFO.
Of great interest is the effect of conjugating CDs to NFO on
the optical and photochemical properties of NFO. A total quench-
ing of NIR absorbance and a decrease in visible-light absorbance at∼745 nm were observed from the UV-VIS-NIR spectra of NFO–C
compared to that of NFO. Since no significant change in the optical
bandgap was present between the two samples, the altered optical
properties were attributed to metal-to-ligand electron transfer in
NFO–C. An almost 12-fold increment in IPCE threshold, reduced
impedance to charge-carrier transfer, and enhanced electron–hole
separation were achieved with NFO–C compared with NFO. These
observations all point toward CDs being good electron acceptors
and reservoirs for NFO. Based on these observations, we have pro-
posed a model for the energy level interactions between CDs and
NFO. The enhanced photochemical and optical properties of NFO–
C improved its photo-stability compared with pristine NFO as
NFO–C did not undergo catalytic poisoning while NFO was poi-
soned. In general, CDs were good electron mediators for NFO,
enhancing the photochemical properties and photocatalytic activ-
ity of NFO. The findings of this study contribute toward under-
standing CDs as electron mediators in nickel ferrite. Consequently,
future studies on the utilization of CDs for the improvement of pho-
tochemical and electrical properties of other spinel ferrites are a
worthwhile venture.
SUPPLEMENTARY MATERIAL
See the supplementary material for DLS particle size analy-
sis, Rietveld refinements of the XRD diffractograms of NFO and
NFO–C, photocatalytic oxidation of MeOH solution over NFO and
NFO–C under an argon atmosphere and CDs under an oxygen
atmosphere, Raman spectra of NFO and NFO–C before and after
photocatalytic oxidation of methanol, and XRD diffractograms of
NFO before and after photocatalytic oxidation of methanol.
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